Ocean acidification caused by an increase in pCO 2 is expected to affect marine ecosystem composition drastically, yet there is much uncertainty about the mechanisms through which ecosystems may be affected. Here we present the results of a study on sea urchins that are common and important grazers in the Mediterranean (Paracentrotus lividus and Arbacia lixula). Our study included a natural CO 2 seep plus reference sites in the Aegean Sea, Greece. The distribution of A. lixula was unaffected by the low pH environment, whereas densities of P. lividus were much reduced. There was skeletal degradation in both species living in acidified waters compared to reference sites and remarkable increases in skeletal manganese levels (541% increase for P. lividus, 243% increase for A. lixula), presumably due to changes in mineral crystalline structure. Levels of strontium and zinc were also altered. It is not yet known whether such dramatic changes in skeletal chemistry will affect coastal systems but our study reveals a mechanism that may alter inter-species interactions.
Introduction
Ocean acidification, caused by an increase in pCO 2, is expected to affect the composition of marine ecosystems drastically (Zeebe, 2012 ), yet there is great uncertainty about how key ecosystem engineers will respond to the rapid rate of chemical change in ocean surfaces. Here we studied the effects of increased pCO 2 on sea urchins, which are important for three main reasons. Firstly, they are often keystone species in shallow rocky shore ecosystems since their grazing can structure communities affecting commercially important crustaceans and fish (Sala et al., 1998) ; secondly, they contribute an estimated 66.7 g CaCO 3 m -2 y -1 to annual oceanic CaCO 3 production, thus influencing global bio-geochemical cycles (Lebrato et al., 2010) ; and thirdly, they support a fishing industry worth approximately 89 million US dollars (FAOSTAT, 2013) .
Sea urchins have an acid-base physiology that is less able to cope with elevated pCO 2 than many other groups of marine organisms (Miles et al., 2007) . However, their vulnerability to ocean acidification varies between individuals, populations and species (Ries et al., 2009; Calosi et al., 2013a, b) . Understanding the likely effects of ocean acidification requires multi-disciplinary research into long-term response to rising pCO 2 levels (Hilmi et al., 2012) . Most studies have shown adverse effects of ocean acidification on sea urchins; however, individual species response is not as clear as first assumed (Stongylocentrotus droebachiensis: Siikavuopio et al., 2007; Dupont et al., 2012; Arbacia lixula: Hall-Spencer et al., 2008; Calosi et al., 2013a) . Most of this research has been carried out using short-term experiments that may overestimate responses by failing to account transgenerational effects, or acclimation acclimation and adaptation (Dupont et al., 2012; Pespeni et al., 2013) . Acclimation is certainly possible as genes associated with biomineralization and calcification can be affected in ocean acidification simulations (O'Donnell et al., 2009; Martin et al., 2011; Kurihara et al., 2012) .
Sea urchins have high Mg-calcite endoskeletons that may be corroded in acidified conditions since calcite solubility increases with Mg-content (Morse et al., 2006; McClintock et al., 2011) . LaVigne et al. (2013) found that the skeletal composition of adult Strongylocentrotus purpuratus was robust to spatial gradients and predicted future changes in carbonate chemistry, although the larvae were affected. As http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 21/12/2018 01:04:40 | a follow up to that study, we assess physical and chemical changes in two species of common Mediterranean echinoids (Paracentrotus lividus, Arbacia lixula) at a shallow-water vent site where organisms are potentially exposed to naturally elevated CO 2 during all stages of their life history. We consider: (1) What is the effect of decreased pH on the abundance of P. lividus and A. lixula? (2) Is the physical structure of the mature sea urchin test affected? (3) Is the calcite elemental composition affected? We observed the calcification and distribution of sea urchins along gradients of pCO 2 to assess how they may be affected by ocean acidification.
Materials and Methods

Sample sites and study period
Methana is a hydrothermally active peninsula located at the NW terminus of the Hellenic Volcanic Arc on the coast of the Peloponnesus, Greece (37°38'N, 23° 22'E) where there are numerous CO 2 seeps (D'Alessandro et al., 2008) . Four sites were compared; the first (V0) was at the centre of a seep flanked by sites 200 m East (V1) and 200 m West (V2) with a control site (C), on the Southern Attica peninsula (37°39'15"N, 24°01΄00΄΄E) well away from the influence of any volcanic seeps (Fig. 1) . Sampling took place during May and September 2012; in May, sea urchins were collected for analysis of skeletal structure and mineralogy. In both sampling periods abiotic parameters (pH, TA (Total Alkalinity), temperature, and salinity) were measured. To measure pH a calibrated meter was used at each site (YSI 556 MPS, three-point calibration, NBS scale). Temperature and salinity were also measured alongside pH and samples were taken at various times throughout the day over the two sampling cruises (Sept 2012 (acidified site n = 43, reference site n = 3) and May 2012 (acidified site n = 17, reference site n = 4). Mean pH ± SE was calculated based on hydrogen ion concentrations (Table 1) . Total Alkalinity was also measured from a water sample taken from each site on both sampling dates using an AS-Alk 2 Total Alkalinity Titrator (Apollo SciTech Inc, Bogart, GA, USA). Other seawater carbonate chemistry parameters were calculated using CO2 SYS software (Lewis & Wallace, 1998;  Table 1 ).
In situ transects and collection of individuals
Abundance surveys were carried out to measure the density of P. lividus and A. lixula at each site. Transects were 5 m x 1.5 m at a depth at a depth of 1-3m. 1-3 m. A minimum of 5 transect repeats for each separate species were carried out at each site during each sampling period (n= 55 per species). Five individuals of each species, from each site, were were also collected for trace element composition analysis and for visual inspection of dissolution. Mature adults with a test size diameter greater than 5 cm were collected from the sample stations; P. lividus was absent at V0.
X-Ray Fluorescence (XRF) Analysis
Specimens were pre-cleaned in Milli-Q (18.2MΩ) water for 12 hours before being air-dried. Individuals were then cleaned via oxidation in 30% hydrogen peroxide for 48 hours, and later via mechanical cleaning to remove organic material contained within the matrix. Samples were then dried at 70° C for 48 hours. Spines were removed and the test finely ground to less than 500 μm using an acid cleaned pestle and mortar before secondary cleaning with hydrogen peroxide (30%) to remove any remaining traces of non-lattice bound material. The method was developed in studies of corals, sand dollars, and foraminifera; hydrogen peroxide is considered suitable for the removal of organic material in preparation for trace element analysis (Watanabe et al., 2001; Russell et al., 2004; Ehrlich et al., 2011) . Specimens were collected in situ alive and stored in refrigerated containers pre-cleaned with Milli-Q (18.2MΩ) water before analysis. We then assumed that all remaining inner matrix material was organic and interlaced within the skeletal structure and thus suitable for XRF analysis. For trace element analysis (As, Br, Ce, Mn, Mo, Ni, Rb, Sn, Sr, Te, Th, and Zn), a minimum of 3 g of dried sample was mixed with 1.25 g of wax (Hoechst Wax-C) to assist in the binding of the material. Powdered samples were pressed into a pill format within a 31 mm aluminium cup and used for analysis with a Philips PW-2400 X-Ray Fluorescence machine.
Previous studies have assessed the precision and accuracy of XRF determination of the major and trace elements used by this method and have calculated the limits of determination of a method (LDM), as an estimation of how well an analytical method can repeat a given result within a 95.4% confidence limit, including any sample preparation, instrument and counting statistic errors (Rousseau, 2001; Karageorgis et al., 2005) . Relative uncertainty associated with the use of this method in comparison to the international reference material PACS-2 has previously been calculated for major and trace elements using 10 replicates (Table 2) , and all values were found to be satisfactory for the analytical method applied (Karageorgis et al., 2005) . It was not possible to analyse all samples due to equipment failures, but 32 out of 35 specimens were successfully analysed for trace elements. Table 2 . Values for calibration range, limit of determination (LDM) and relative uncertainty for major (%) and minor (μg/g) elements analysed with the XRF method (Note: 
Scanning Electron Microscope/EDX preparation
Sea urchin plates and spines were prepared for SEM/ EDX analysis. Where possible, the same plates were taken for analysis (8 plates above the oral plate layer), making an assumption of homogeneity, and each spine was sliced into three sections to view the central structure. Specimens were coated in carbon by a Baltec CED 030 carbon thread evaporator, reducing picture clarity in comparison to a gold coating but enabling EDX analysis. A Philips XL20 SEM and JEOL 6610 LVSEM were used to take photographs at scales of 500, 200, 100 and 10 micrometres (working distance 10mm) for the plates and where possible 200 and 100 micrometre scales for the spines of each individual. Plate photographs were taken of approximately the same area around the primary pore site of the plate for comparison purposes. EDX analysis of major elements (Ca, Mg, Na, S, and Cl) was performed by the JEOL 6610 LVSEM using Oxford Instruments AzTEC EDS and an average of 10 data points were taken for each sample site to allow for anomalies in data measurements.
Statistical analysis
Data were checked for normality (Kolmogorov-Smirnov), and transformed in cases of non-parametric data (proportion and log transformation). For pH, temperature and salinity comparisons between all four sites ANOVA and suitable post-hoc tests (Tukey) were used for variance comparisons. Data that failed tests for normality (KolgomorovSmirnov) and equal variance (Levene test) were analysed by the Kruskal-Wallis one way-analysis and individual Mann-Whitney U tests were used as a post-hoc test. After analysis of abiotic parameters and site reclassification (see results section), the control and experimental sites of the study were compared using a two-sample t test for parametric data or a Mann-Whitney U test on non-parametric data. Where multiple tests were carried out, a Bonferroni adjusted p value was used to compensate for increased Type-1 errors. Due to a relatively limited number of specimens from the seep sites (V0, V1, and V2) and no significant differences in pH measurements, we pooled data from all stations with a lower pH for density and element analysis comparisons, thus creating two sites:
Results
Abiotic parameters/site suitability
-Normal pH (Reference site control) -Acidified water (Replicate CO 2 seep sites)
Site abundances
A. lixula has a similar abundance between the two sites (Mann-Whitney test, U 95.5 , P=0.25 ( Fig. 2A) but P. lividus was more abundant at the control site than in the seep area (Mann-Whitney test, U 18 , P<0.00) (Fig. 2B) . 
Skeletal structure
SEM (Scanning Electron Microscope) photographs were analysed for differences in skeletal structure between the controls and low pH stations. No obvious differences are noted with respect to the formation of the spines for both species (Fig. 3G, H) . However, some limited differences were detected under high magnification of the ossicle pores for A. lixula. The stereom pores were less uniform in shape (Fig. 3A, E) and had increased inner matrix pores (Fig. 3C) at the acidified sites compared to the control site (Fig. 3B, D, F ). There were also signs of degradation in the calcium carbonate skeleton (Fig.  3A, E) at the acidified sites.
Element analysis
As, Br, Ca, CaO, Ce, Cl, Cr, Cu, Mg, Mo, Na, Ni, Rb, S, Sn and Th, were not significantly different between study sites (Table 3 ). For A. lixula, manganese was the only element that differed statistically between the sites; the highest concentrations were found in the tests of organisms collected from the area with lower pH (Independent t-test, t= 5.015, P= 0.007) (Fig. 4A) . For P. lividus, Mn was also found in higher concentrations in the acidified water (Independent t-test, t=4.313, P= 0.049) (Fig. 4B) , as was strontium (Independent t-test, t=5.603, P= 0.005) (Fig. 4C) . Zinc, however, was significantly less abundant in the skeletal structure of organisms collected from low pH areas (Independent t-test, t=4.429, P= 0.004) (Fig. 4D) for P. lividus. 
Discussion
Density distribution
Although early developmental stages of P. lividus can tolerate short-term acidification (Martin et al., 2011) , the adults showed the same sharp decrease in abundance as that found along other natural CO 2 gradients (HallSpencer et al., 2008; Johnson et al., 2012) . In contrast, A. lixula was more resilient to the acidified conditions, with no statistical differences between densities at reference sites and acidified rocky shore areas. This is in line with the findings of Calosi et al. (2013a) who also found that P. lividus was more sensitive to naturally acidified waters than A. lixula. Such species-specific differences will no doubt influence ecosystem shifts as the oceans continue to acidify.
Calcification
Volcanic seeps show that most calcified organisms, including echinoids, fare badly as pCO 2 levels increase (Hall-Spencer et al., 2008; Fabricius et al., 2011; Johnson et al., 2012; Inoue et al., 2013) . Transplantation experiments have shown that acidification differentially affects organisms, with some acclimating to these conditions by up-regulating calcification and others able to protect themselves from dissolution due to the presence of protective layers (Rodolfo-Metalpa et al., 2011) . However, species with high Mg-calcite skeletons, such as sea urchins, are thought to be especially vulnerable to increased sea water acidity as this mineral form of carbonate is easily dissolved in corrosive waters and the lowered pH can be detrimental to metabolism and reproduction (Morse et al., 2006; Andersson et al., 2008; McClintock et al., 2011; Stumpp et al., 2011 Stumpp et al., , 2012 . Our SEM photographs (Fig. 3) indicate some dissolution to the stereom, in line with widespread dissolution of tests recorded at other CO 2 vents (Hall-Spencer et al., 2008) and the dissolution of larval echinoderm spicules from lowered pH (Pagano et al., 1985; Kurihara & Shirayama, 2004; Byrne, 2012) . Reduced carbonate ion availability causes an increase in energy required for the precipitation of calcium carbonate. Skeletogenesis has been shown to be less prevalent under elevated CO 2 conditions and an increased biological effort is needed to form the high levels of skeletal organisation in adult sea urchin species (O'Donnell et al., 2009) . The high Mg-calcite skeletal structure of sea urchins is 30 times more soluble than calcite structures (Politi et al., 2004) . Therefore, decreased calcification rates and carbonate saturation states could result in a decrease in test size and thickness (Ries et al., 2009) . Our SEM studies indicate that the effect of dissolution was stronger in A. lixula than P. lividus, although this result was difficult to quantify. 
Skeletal mineralogy
We found differences between the elemental test compositions for both species grown under different pCO 2 levels. The incorporation of trace elements into the skeletal structure in response to low pH environments is possible due to the high Mg-calcite structure of sea urchin skeletons, (Dodd, 1967) . Sea urchins exhibit a range of ion precipitation and calcification rate responses when exposed to low pH environments but this varies between populations and species (Ries, 2011; Byrne et al., 2013; Courtney et al., 2013; Pespeni et al., 2013) . Ionic substitution of the calcite skeletal structure occurs throughout all sea urchin life history stages, including a transient highly soluble, amorphous calcium carbonate stage (Wilt, 2002; Politi et al., 2008) . During biomineralization, element incorporation (predominantly Mg) occurs at active sites of the organic matrix and is dependent on temperature (Chave, 1954); seawater composition/saturation state (Ries, 2009) ; and precipitation rate (Kinsman & Holland, 1969 : Carpenter & Lohmann 1992 .
Our results showed statistical differences in the concentrations of three skeletal trace elements (zinc, strontium and manganese) between acidified and control sites. Our speculations about the mechanisms and consequences of altered trace element composition due to ocean acidification warrant further study.
Zinc
The concentration of zinc in the test of P. lividus was 66% lower at sites with a lower pH (Fig. 4D) . Zinc is involved in many metabolic pathways: zinc-containing proteases degrade extracellular matrix proteins and play a role in matrix protein metabolism; cell migration; apoptosis; membrane fusion and the release/activation of growth factors (Poustka et al., 2007; Mann et al., 2008) . How zinc concentrations in sea urchin tests affect metabolic pathways is not yet fully understood. Zinc is also essential for reproduction, generally present in high concentrations of several species of female sea urchin gonads during reproduction. A large amount of zinc is expected to be required in female gonads for metabolic processes occurring during cell divisions after fertilization (Guillou et al., 2000; Ahn et al., 2009) . Reproductive status might explain the lower levels of zinc expressed within the skeletal matrix for P. lividus but we did not study this aspect. The influence of diet variations is also an important consideration since. P. lividus feed on fleshy macroalgae (Wangensteen et al., 2011) , which shift in community composition along CO 2 gradients (Hall-Spencer et al. 2008; Johnson et al., 2012) . Thus, there is plenty of scope for follow-up work to determine why zinc levels differed significantly between sites. 
Strontium
The strontium concentration of P. lividus skeletal structure increased by 11% (Fig. 4C) , with no apparent changes to the skeletal Sr concentration of A. lixula. The similar ionic radius of Mg 2+ with Ca 2+ means magnesium is easily adsorbed into the calcite structure, thus distorting the crystal lattice and enabling the incorporation of larger Sr ions into the skeletal structure (Mucci and Morse, 1983) . The relationship between low pH and Sr incorporation has previously been shown in a Southern California population of Strongylocentrotus purpuratus where larvae were cultivated under lowered pH conditions (7.73). As in this study, no statistical increases of Mg were measured. However, the results did show an 8% increase in skeletal Sr concentration (LaVigne et al., 2013 ). An increase in Sr incorporation may be an indicator of increased mineral precipitation rate at calcification sites, given that a positive linear relationship is evident between incorporation of Sr and the precipitation rate of sea urchins (Kinsman and Holland, 1969; Carpenter and Lohmann 1992) .
Several sea urchin species have the ability to up-regulate specific genes that adjust skeletogenetic pathways with the purpose of sustaining precipitation rates in low pH environments (Evans et al., 2013) or biomineralization and ion homeostasis (Pespeni et al., 2013) . Paracentrotus lividus is able to up-regulate genes thought to be involved in development and biomineralization when exposed to low pH conditions (Martin et al., 2011) . This suggests an increase of the biomineral precipitation rates of P. lividus in response to low pH environments. The absence of change in the skeletal Sr composition for A. lixula also indicates that physiological stress responses to low pH conditions are species-specific (Fig 4. ).
Manganese
Manganese was the only element that dramatically increased for both species within the acidified environment (243% increase of Mn in A. lixula and 541% increase for P. lividus) (Fig 4. A, B) . In the Mg-calcitic skeletons of echinoids, Mn can also be incorporated in an almost Mg-free calcite structure (''main-structure'') and in a magnesite-like ''(sub)-structure'' (Binyon, 1972; Richter et al., 2003) as a 'foreign' ion The incorporation of foreign ions into the crystal lattice substantially increases solubility (Berner 1975; Mucci and Morse, 1983; Davis et al., 2000) and incorporation of Mn 2+ frequently leads to abnormal skeletal growth (Richter et al., 2003) . In a recent study by Pinsino et al. (2011) , P. lividus was exposed to high levels of Mn from fertilization. This produced a number of embryos without skeletons, due to the disruption of signalling pathways during skeletogenesis.
It is noteworthy that the skeletons of A. lixula were less affected than those of P. lividus since foreign ion incorporation is not a passive process in sea urchins (LaVigne et al., 2013) . A similar variation in responses between the two species was found in the maintenance of acid-base balance in response to increased CO 2 environments (Calosi et al., 2013a) thus supporting the suggestion that A. lixula is able to maintain better control over skeletal mineralogy and fares better in an acidified environment.
Conclusions
Our knowledge about how organisms may acclimate and adapt to ocean acidification is limited but increasing because areas with naturally elevated levels of CO 2 are being used to draw further conclusions from artificial laboratory conditions (Calosi et al. 2013b; Evans et al. 2013; Pespeni et al. 2013) . A sea urchin species-specific response at the Methana CO 2 seep mirrors that observed along other natural CO 2 gradients (Calosi et al., 2013a) . Arbacia lixula was more tolerant to acidification and its skeletal mineralogy was less affected than Paracentrotus lividus; the latter had an inferior ability for ion homeostasis in acidified environments, with a higher incorporation of trace elements into the skeletal structure when exposed to elevated pCO 2 . The conclusions of this study are: 1) the skeletal mineralogy of calcified organisms can be radically altered by ocean acidification and 2) species-specific differences of keystone grazer responses to ocean acidification may have knock-on effects that are expected to alter marine ecosystems.
